Abstract. Unfertilized oocytes are one of the most desired germ cell stages for cryopreservation because these cryopreserved oocytes can be used for assisted reproductive technologies, including in vitro fertilization (IVF) and intracytoplasmic sperm injection. However, in general, the fertility and developmental ability of cryopreserved oocytes are still low. The aim of the present study was to improve vitrification of mouse oocytes. First, the effects of calcium and cryoprotectants, dimethyl sulfoxide and ethylene glycol (EG), in vitrification medium on survival and developmental ability of vitrified oocytes were evaluated. Oocytes were vitrified by a minimal volume cooling procedure using different cryoprotectants. Most of the vitrified oocytes were morphologically normal after warming, but their fertility and development were low independently of calcium and cryoprotectants. Second, the effect of cumulus cells on ability of oocytes to be fertilized and develop in vitro was examined. The fertility and developmental ability of denuded oocytes (DOs) after IVF were reduced compared with cumulus-oocyte complexes (COCs) both in fresh and cryopreserved groups. Vitrified COCs showed significantly (P<0.05) higher fertility and ability to develop to the 2-cell and blastocyst stages than those of vitrified DOs with cumulus cells and vitrified DOs alone. The vitrified COCs developed to term at a high success rate equivalent to the rate obtained with IVF using fresh COCs. Taken together, the current results clearly demonstrate that, in the presence of surrounding cumulus cells, matured mouse oocytes vitrified using calcium-free media and EG retain their developmental competence. These findings will contribute to improve oocyte vitrification in not only experimental animals but also clinical application for human infertility.
I
n mammals, successful cryopreservation of germ cells is one of the most desired technologies for efficient production of animals. In particular, successful cryopreservation of oocytes is required not only in reproductive biology but also clinical medicine. If high-efficiency oocyte cryopreservation could be archived, large numbers of viable oocytes would be available for testing the safety of related technologies before embarking on human studies [1, 2] . Rall & Fahy [3] succeeded in preserving mammalian embryos at −196 C by a method called the 'vitrification method.' The vitrification method is also simpler and quicker than the traditional method called the 'slow-freezing method' because embryos are out of the incubator for less than several min in the vitrification method, while in the slow-freezing method, equilibration alone will take more than 20 min [4] . Thus, vitrification can supplant slow freezing as the optimal method for embryo cryopreservation in mammals. Even though cryopreservation of embryos has been improved by establishment of the vitrification method, cryopreservation of oocytes is a developing technology.
The first successful cryopreservation of mouse oocytes by the slow-freezing method was reported in the 1970s [5, 6] , and it was reported in humans a decade later [7] . Although much research has been focused on the cryopreservation of mammalian oocytes either by slow freezing or subsequently the vitrification method, resulting in live offspring in several mammalian species including humans [8] [9] [10] , the overall successful fertilization rate of cryopreserved oocytes is lower than that of their unfrozen counterparts, even in mice [11, 12] . Very recently, cryopreservation of mouse oocytes has been improved by injection of trehalose into the oocytes at a high success rate [13] , but this protocol requires a great deal of skill and cannot be used to mass cryopreserve oocytes. Thus, a more simple and general-purpose protocol is in demand. For successful cryopreservation, the cryoprotective agent (CPA) has an important role. It is acknowledged that the CPA affects survival and development of the preserved oocytes [1] . Moreover, not only the kind of CPA but also its concentration in cryopreservation media is important for the success of oocyte vitrification. In general, use of high concentrations of CPAs potentially increases the toxicity to oocytes. Moreover, increasing the volume of the vitrification solution also interferes with the survival of vitrified-warmed oocytes [4] . In addition, in mouse oocytes, Larman et al. [14] demonstrated that exposure per se to vitrification solution containing dimethyl sulfoxide (DS) causes a rise in intracellular calcium. A rise in intracellular calcium in oocytes is involved in exocytosis of cortical granules, resulting in the occurrence of zona hardening known as the zona reaction [15] . The zona reaction is an obstacle to penetration of sperm into perivitelline spaces of oocytes [15] . Therefore, suppression of the intracellular calcium rise may improve the fertility and developmental ability of vitrified oocytes.
In the general procedure for oocyte cryopreservation, cumulus cells are often removed from cumulus-oocytes complexes (COCs), and the denuded oocytes are then cryopreserved [12, 13] . Although it has been believed that the major role of cumulus cells is in oocyte maturation, recent studies have revealed that cumulus cells are also important for fertilization. In domestic species, important roles of cumulus cells at fertilization have been discussed, for example, such as the trapping of spermatozoa, guiding spermatozoa to the oocyte, protection of the oocytes against zona hardening and prevention of changes in the oocyte that are unfavorable for subsequent fertilization [16, 17] . Also in mice, it has been reported that disruption of pentraxin 3, which is a gene involving conformation of COC, causes morphologically abnormal COC formation and reduces fertility in vivo [18, 19] . Moreover, some papers have recently demonstrated that factors secreted from COCs in vitro are required for sperm attraction to the COC, COC compaction by cumulus extracellular matrix assembly, sperm capacitation and enhancement of fertilization in mice [20, 21] . These results suggest the possibility that low fertility may be caused by denudation of oocytes before cryopreservation. If so, cryopreservation of oocytes with cumulus cells may lead to improved fertilization ability without an additional method such as injection of trehalose. In the present study, we evaluated the in vitro effect of calcium, cryoprotectants and cumulus cells in vitrification medium on the fertilization and developmental abilities of vitrified mouse oocytes.
Materials and Methods
All chemicals and reagents were purchased from the Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. All procedures for the handling and treatment of animals were conducted according to the guidelines established by the Animal Research Committee of Azabu University.
Animals
The mice used in this study were female Crlj:ICR mice for collection of metaphase II (MII) oocytes and embryo transfer and male Crlj:BDF1 mice for sperm collection. Both kinds of mice were purchased from Charles River Laboratories Japan (Yokohama, Japan). Mature male mice (12-24 weeks old) and immature female mice (4-5 weeks old) were used as semen and oocyte donors, respectively. Mature ICR female mice (12-14 weeks old) were used as recipients of embryo transfer. Vasectomized ICR male mice (20-30 weeks old) were used to induce pseudopregnancies. Although the same strain mice were used as vasectomized males in this study, we confirmed the sterility of the vasectomized males in a preliminary study. The mice were housed in an environmentally controlled room with a 12-h dark/12-h light cycle at a temperature of 23 ± 2 C and humidity of 55 ± 5% with free access to a laboratory diet and filtered water.
Experimental design
Experiment 1: The effects of cryoprotectants and calcium on fertility and developmental ability of vitrified mouse oocytes COCs at the metaphase-II stage were collected from the oviducts of ICR female mice (4-8 weeks) that were superovulated by i.p. injection of 5 IU equine chorionic gonadotropin (eCG; Nippon Zenyaku Kogyo, Tokyo, Japan) followed by 5 IU human chorionic gonadotropin (hCG; ASUKA Pharmaceutical, Tokyo, Japan) 48 h later. Fourteen hours after the second injection, the females were euthanized, and their oviductal ampullae were removed. The oviductal ampullae were placed in oil. Components of oviductal ampullae were released and translocated to the drops of handling medium supplemented with 0.1% (w/v) hyaluronidase, and the COCs were collected from them. As handling medium, two kinds of modified PB1 [22] were used. PB1(+) was composed of 136.75 mM NaCl, 2.68 mM KCl, 8.1 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 1 mM
.55 mM glucose, 0.33 mM sodium pyruvate and 0.17 mM penicilllin G. On the other hand, PB1 without CaCl 2 •2H 2 O was defined as PB1(-). After the cumulus cells were removed, denuded oocytes (DOs) were washed 3 times with PB1(+) or PB1(-), respectively, and used for further experiments. Oocytes collected in PB1(+) were used for vitrification as Ca(+)EGDS, Ca(+)EG or Ca(+)DS group. On the other hand, oocytes collected in PB1(-) were used for vitrification as the Ca(-) EGDS, Ca(-)EG or Ca(-)DS groups. These DOs were vitrified using Cryotop, as previously reported [23, 24] with some modifications.
In brief, DOs were placed in equilibrium solution for 3 min and then transferred into vitrification solution for 1 min. To evaluate the effects of CPAs, different concentrations of ethylene glycol (EG) and/or DMSO were added to the equilibration medium and the vitrification medium, as described in Table 1 . For example, in the Ca(+)EGDS group, oocytes were equilibrated in PB1(+) supplemented with 7.5% (v/v) EG, 7.5% (v/v) DS and 20% fetal calf serum (FCS; Invitrogen, Carlsbad, CA, USA) and then vitrified in PB1(+) supplemented with 15% (v/v) EG, 15% (v/v) DS, 20% FCS and 0.5 M sucrose. On the other hand, in the Ca(-)EGDS group, oocytes were equilibrated in PB1(-) supplemented with 7.5% (v/v) EG, 7.5% (v/v) DS and 20% FCS and then vitrified in PB1(-) supplemented with 15% (v/v) EG, 15% (v/v) DS, 20% FCS and 0.5 M sucrose. The DOs were placed on a sheet of Cryotop (Kitazato BioPharma, Shizuoka, Japan) in a small volume of the vitrification solution (less than 1 µl [4] ). The Cryotop was plunged into liquid nitrogen after the DOs had been exposed to the vitrification solution for 1 min and then stored for at least 1 week. The DOs were warmed by immersing the Cryotop in a warming solution composed of 0.5 M sucrose + 20% FCS in PB1(+) (for the Ca(+)EGDS, Ca(+)EG and Ca(+)DS groups) or PB1(-) (for the Ca(-)EGDS, Ca(-)EG and Ca(-)DS groups) at 37 C for 3 min and then placed in PB1(+) (for the Ca(+)EGDS, Ca(+) EG and Ca(+)DS groups) or PB1(-) (for the Ca(-)EGDS, Ca(-) EG and Ca(-)DS groups) supplemented with 20% FCS at 37 C for 5 min. After washing three times with Krebs-Ringer bicarbonate medium (TYH medium) [25] , DOs were transferred into a 100-μl drop of TYH medium and then used for IVF.
IVF was carried out as follows. The sperm was collected from cauda epididymides of BDF1 male mice (10-15 weeks). After dissections, epididymides were removed and placed in a 35-mm sterile plastic dish containing 400 µl R18S3 (18% (w/v) Raffinose and 3% (w/v) skim milk) medium [26] . The epididymal sperm were counted with a hematocytometer, and sperm motility and viability were evaluated as reported previously [24] . Namely, sperm motility was assessed visually and determined by direct observation at 37.5 C under light microscopy at 100 × . For cryopreservation, spermatozoa were loaded into 0.25-ml plastic straws (Fujihira Industry, Tokyo, Japan). The straws were exposed to liquid nitrogen vapor for 10 min (about -150 C) and then plunged into liquid nitrogen and stored for at least 1 week. For thawing, the straws were kept in a 37.5 C water bath for 10 sec, and the contents were then expelled into a 35-mm sterile plastic dish [24] . Post-thaw sperm viability and motility were evaluated as described above. The frozen-thawed spermatozoa were resuspended in TYH medium, and the number and motility of the sperm were assessed as described above. Frozen-thawed spermatozoa were incubated for induction of sperm capacitation in TYH medium at 37.5 C under 5% CO 2 in air for 1 h. The sperm was then added into the TYH medium drops containing DOs (final sperm concentration was 2 × 10 6 sperm/ml) and cocultured at 37.5 C for 6 h. After culture, DOs were washed three times in KSOM-AA [27] and then transferred into a 100-μl drop of KSOM-AA. These oocytes were evaluated for fertility using an inverted phase-contrast microscope (Olympus, Yokohama, Japan). Oocytes having two pronuclei (2PN) were considered to be fertilized. Only fertilized oocytes were transferred into 100 µl of KSOM-AA and cultured up to 120 h at 37.5 C under 5% CO 2 in air. Cleavage and blastocyst formation of the oocytes were evaluated at 18 h and 114 h post fertilization, respectively.
Experiment 2: The effect of cumulus cells on fertility and developmental ability of vitrified mouse oocytes
To clarify the reason why vitrified oocytes failed to maintain fertility after IVF, the effect of cumulus cells on vitrification was evaluated. A recent study demonstrated the importance of cumulus cells in fertilization in mammals [16, 17, 20, 21] . Therefore, fresh COCs, DOs and DOs with cumulus cells (DO+CC) were coincubated with fresh epididymal spermatozoa. Since the Ca(-)E group showed higher fertilization ability after IVF in Experiment 1, the collection and vitrification protocol of Ca(-)E group was used for the following experiments. COCs were collected in PB1(-) and then vitrified as described above. Some of the COCs were denuded, and then DOs and cumulus cells were vitrified respectively. After warming, COCs, DOs or DOs with cumulus cells were used for IVF as described above. As controls, fresh COCs, DOs and DOs with cumulus cells were also used for IVF. After IVF, fertility and developmental ability were evaluated as described above.
To evaluate in vivo development of IVF oocytes, COCs were collected and then vitrified using the protocol for the Ca(-)E group. After IVF, the putative embryos were transferred into the oviducts of recipients after induction of pseudopregnancy as described previously [28] . Female mice to be used as recipients for embryo transfer were mated with vasectomized males on day 0 between 1600 h and 2200 h to induce pseudopregnancies. On day 1 between 2100 h and 2200 h, nine to ten 2PN oocytes were transferred into each oviduct of the recipients. On the morning of day 20, the transferred females underwent Caesarean section to confirm pregnancy and the normality of the offspring.
Statistical analyses
Each experiment had at least three replicates. More than 100 oocytes were used for each treatment group in this study except for embryo transfer. For embryo transfer, more than 70 embryos were used as a treatment group in each study. All percentage data were subjected to arcsine transformation before statistical analysis. Data were analyzed by one-way analysis of variance (ANOVA) and Tukey's test. P<0.05 was considered significant. Data are shown as means ± standard error of the means (SEM).
Results

Experiment 1: Calcium-free and EG-supplemented media are more suitable for vitrification of mouse oocytes
The effects of cryoprotectants (EG and DS) and calcium in equilibration and vitrification medium on survival, fertilization and development of the vitrified oocytes are shown in Fig. 1 and Fig. 2 . Oocytes were denuded and then used for vitrification. Although the survival rates were all high in all groups, there were no significant differences among the groups (P>0.05; Fig. 1 ). However, after IVF fertilization rates in these groups were low independent of cryoprotectants and the presence of calcium in medium (Fig. 2) . Development to the 2-cell and blastocyst stages was also low in all groups. The rates in Ca(-)EG were slightly higher than those in the other groups, although significant differences were observed only in fertilization rates (P<0.05). Therefore, this CPA treatment protocol was chosen for the rest of this study.
Experiment 2: Vitrified oocytes with cumulus cells maintain high fertilization and developmental abilities in vitro and in vivo after IVF
The rates of fertilization, cleavage and blastocyst formation in the fresh COC group were more than 70% (Fig. 3) . In contrast, the rates were less than 40% in both the fresh DO and fresh DO+CC groups. These rates were significantly lower than those in the fresh COC group. Also, the rates of fertilization, cleavage and blastocyst Oocytes were denuded and then vitrified. Data are shown as means ± SEM. In each treatment group, more than 100 oocytes were examined. Ca(+)EGDS: DOs were vitrified in medium supplemented with EG and DS. Ca(-)EGDS: DOs were vitrified in calcium-free medium supplemented with EG and DS. Ca(+)EG: DOs were vitrified in medium supplemented with EG. Ca(-)EG: DOs were vitrified in calciumfree medium supplemented with EG. Ca(+)DS: DOs were vitrified in medium supplemented with DS. Ca(-)DS: DOs were vitrified in calcium-free medium supplemented with DS. Fig. 2 . The effects of calcium and cryoprotectants during equilibration and vitrification on fertility and developmental ability of vitrified-warmed mouse oocytes after IVF. Oocytes were denuded and then vitrified. Data are shown as means ± SEM. Different superscripts denote significant differences (P<0.05). In each treatment group, more than 100 oocytes were examined. Ca(+) EGDS: DOs were vitrified in medium supplemented with EG and DS. Ca(-)EGDS: DOs were vitrified in calcium-free medium supplemented with EG and DS. Ca(+)EG: DOs were vitrified in medium supplemented with EG. Ca(-)EG: DOs were vitrified in calcium-free medium supplemented with EG. Ca(+)DS: DOs were vitrified in medium supplemented with DS. Ca(-)DS: DOs were vitrified in calcium-free medium supplemented with DS. In each treatment group, more than 100 oocytes were examined. COCs and DOs were vitrified using the protocol for the Ca(-) EG group in Experiment 1.
formation in the vitrified COC group were more than 65%. In contrast, those in the vitrified DO group were low, and in the vitrified DO+CC group, the rates were also less than 40%. The rates in the vitrified COC group were significantly higher (P<0.05) than those in the vitrified DO and DO+CC groups. Oocytes with 2PN derived from IVF were transferred to pseudopregnant females. When vitrified COCs were used for IVF, all females that received transferred oocytes with 2PN became pregnant. Ninety-two normal pups were obtained from vitrified COCs ( Table 2 ). The pups were visually normal. The rate of offspring obtained using vitrified COCs (68.7 ± 3.6%) was similar to that using fresh COCs (68.9 ± 2.3%).
Discussion
Successful cryopreservation of oocytes is highly desirable because it leads to a high efficiency of oocyte cryopreservation, making large numbers of viable oocytes available for generation of offspring via IVF and ICSI. However, it is also well known that the cryopreserved oocytes generally show low fertilization and developmental abilities after IVF. Therefore, a technology such as ICSI is required for obtaining offspring from cryopreserved oocytes in mice [12] . An alternative method (injection of trehalose into oocytes by microinjection) has recently been reported to improve the low tolerance of mouse oocytes to cryopreservation [13] . Since this method requires a great deal of skill and cannot be used for cryopreservation of many oocytes at the same time, a more simple and general-purpose protocol is in demand. In the present study, we evaluated the in vitro effect of calcium, CPAs and cumulus cells in vitrification medium on the fertilization and developmental abilities of vitrified mouse oocytes.
First, we attempted to clarify why cryopreserved oocytes have a low developmental ability after IVF. Regardless of the cryoprotectant type, the survival rates of vitrified oocytes were found to be uniformly high. Our results are consistent with a previous study showing that most vitrified oocytes survive after warming and that these oocytes develop to the 2-cell stage after parthenogenetic activation in mice [12] . Although the fertility was markedly low after IVF in all groups, oocytes vitrified in calcium-free and EG-supplemented medium showed slightly higher developmental ability compared with those of oocytes vitrified with DS alone or both EGand DS-supplemented medium. It has been acknowledged that EG would be the ideal CPA for oocyte and embryo vitrification in other species [29] because the permeability of EG is higher than those of other CPAs [30] and EG has less toxicity than other permeable CPAs [31, 32] . Moreover, Larman et al. [14] showed that the rise of intracellular calcium in mouse oocytes was greatly suppressed by removal of external calcium in EG supplemented medium, which suggests the majority of the EG-induced calcium increase is via influx across the plasma membrane from the medium. A rise of intracellular calcium in oocytes is involved in exocytosis of cortical granules, resulting in the occurrence of zona hardening known as the zona reaction [15] . Since the zona reaction is an obstacle to penetration of sperm into perivitelline spaces of oocytes [15] , a vitrification medium supplemented with EG alone would be suitable for vitrification of mouse oocytes. Thus, our present results suggest that an improvement of not survivability but fertility in vitrified oocytes would be required for success.
A recent study has shown that chemokines secreted from COCs induce sperm capacitation and enhance fertilization, providing evidence for a regulatory loop between sperm and COCs during fertilization [20] . It has also been demonstrated that chemokine signaling facilitates both sperm attraction to the COC and COC compaction by the cumulus extracellular matrix assembly [21] . Indeed, our present results show that both DOs and DOs with cumulus cells have low fertility after IVF even when fresh (Fig. 3A) . Another study has also reported that more COCs are fertilized and develop to the 8-cell stage after vitrification and warming DOs in mice, although the rate is still quite low [11] . These results strongly suggest that cumulus cells are required to maintain the fertilization susceptibility of vitrified mouse oocytes. Details regarding the role of cumulus cells in vitrified oocytes during IVF will need to be clarified by further study.
The results from the present study are superior to those obtained previously [11] . The advantages revealed by the present study seem to be as follows. The high development rates resulting from our protocol might be attributed to high cooling/warming rates provided by a minimal volume method and relatively low CPA toxicity of Cryotop [33, 34] . Therefore, vitrification by Cryotop enabled the volume of vitrification medium to be reduced, resulting in maintenance of the fertilization and developmental abilities of the oocytes even in COCs, in contrast to the results from a previous study [15] .
Taken together, the current results clearly demonstrate that unfertilized mouse oocytes with cumulus cells are successfully vitrified with calcium-free and EG-supplemented media. This method does not require additional treatment, for example, such as injection of trehalose into the oocytes. These findings will contribute to improve oocytes vitrification in not only experimental animals but also clinical application for human infertility.
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